C ystic fibrosis (CF)
3 is an autosomal recessive disorder resulting from a mutation in the cystic fibrosis transmembrane conductance regulator (CFTR) gene. CF affects ϳ1 in 3500 live births in North America. Although understanding and treatment of the disease have developed significantly during the past two decades, new treatment options for patients with CF are critically needed because the median age for survival is still in the mid-30s (1) .
Lung disease, the major cause of death in CF, is caused by a self-sustaining cycle of airway obstruction, infection, and inflammation (2) . CF lung disease is characterized by neutrophilic airway inflammation, increased expression of proinflammatory cytokines, and infection by a narrow repertoire of bacterial pathogens, with Pseudomonas aeruginosa and Burkholderia cepacia complex being the most clinically significant pathogens. Current therapy for CF lung disease relies on antibiotics to treat bacterial infection combined with airway clearance strategies to mobilize viscid secretions (1) .
Antiinflammatory therapy has been shown to be beneficial for patients with CF, especially for younger patients with mild disease. Clinical trials using nonspecific global immunosuppressants (corticosteroids and ibuprofen) established that targeting excess inflammation is helpful in improving the lung disease of CF patients (3, 4) . Unfortunately, safety concerns render these currently available antiinflammatory medications unacceptable for routine use. Although it remains unclear whether the CFTR mutation itself causes a proinflammatory milieu in the CF airways, or whether inflammation is always secondary to infection, this controversy is less relevant for the treatment of CF patients (5) . Airway infection and inflammation are virtually universal in CF patients (regardless of the order in which they develop), and reducing inflammation is likely to augment current treatments and improve the clinical outcome in CF. To date, studies focused exclusively on identifying the mechanism responsible for inflammation in CF have yielded conflicting results (as recently reviewed in Ref. (6) ); therefore, rather than specifically investigating the mechanism of inflammation, in this study we have taken the pragmatic experimental approach of identifying an immunological pathway that can be blocked to reduce CF airway inflammation.
Targeting the signaling cascade responsible for overproduction of inflammatory cytokines is a particularly attractive treatment approach for reducing inflammation in the CF lung. There is currently no consensus concerning molecular pathway(s) critical for the increased inflammation seen in CF. In this study we explore whether the TLR signaling pathway is responsible for the hyperinflammatory response seen in CF. TLRs allow for the recognition of diverse microbial epitopes, inducing a cascade of effector responses within minutes (7) . Individual TLRs recognize a distinct, but limited, repertoire of conserved microbial products; for example, well-characterized receptor-ligand pairs include TLR4 and LPS, TLR5 and flagellin, and TLRs1/2/6 and lipoproteins. TLR signaling is a likely contributor to the excess inflammation seen in the CF lung because: 1) functional TLRs are expressed by CF airway epithelial cells and by hemopoietic cells within the lung (8, 9) ; 2) TLR signaling generates the cytokines known to be upregulated in the CF lung, particularly IL-8, IL-6, IL-1␤, and TNF-␣ (10, 11); and 3) TLRs are able to respond to ligands expressed by the major CF pathogens, including P. aeruginosa, B. cepacia complex, Staphylococcus aureus, and Haemophilus influenzae (12) (13) (14) .
To address the gap in our understanding of inflammation in CF, we examined whether TLR signaling is responsible for the excessive inflammation seen in CF and whether inhibiting TLR signaling can reduce this damaging inflammation. Rather than relying exclusively on cellular or animal models of disease, we show that the TLR pathway is dysregulated in fresh blood cells of humans living with CF, making these findings a clinically relevant starting point for characterization of the TLR pathway that may be targeted for treatment of CF lung disease.
Materials and Methods

CF and CF-corrected respiratory epithelial cells
Studies on the inflammatory response in the CF airway were performed on the well-characterized CF and CF-corrected lung epithelial cells IB3-1 (compound heterozygote for the ⌬F508 and W1282X CFTR mutations) and C38 (a "corrected" CF cell line derived from IB3-1 after stable transfection with CFTR) (American Type Culture Collection) (15) . Cells were grown in precoated flasks (100 g/ml BSA, 30 g/ml bovine collagen I, 10 g/ml human fibronectin) in LHC-8 basal medium (Invitrogen) supplemented with 10% (v/v) FCS, 2 mM L-glutamine, 1 mM sodium pyruvate, and 1% penicillin-streptomycin-amphotericin B solution at 37°C and 5% CO 2 . The C38 and IB3-1 cell lines were seeded into precoated 96-well plates at a density of 5 ϫ 10 4 cells per well 16 h before use in stimulation assays. To assess cell viability after the 48 h stimulation with bacteria or TLR-ligands, release of a cytoplasmic enzyme (lactate dehydrogenase) into the supernatant by damaged cells was measured using a cell cytotoxicity kit (Roche).
CF and healthy control peripheral blood mononuclear cells
Blood samples from CF patients were obtained at BC Children's Hospital and St. Paul's Hospital, Vancouver, Canada. The diagnosis of CF was established by typical clinical features, which included increased sweat chloride concentrations (Ͼ60 mmol/L) and detection of CF-inducing mutations. All patients with CF were clinically stable at the time of blood donation, and we excluded any subjects who were receiving systemic immunosuppressive medications, such as oral corticosteroids and azithromycin (due to potential immunomodulatory activity). All samples were obtained with informed consent. Control samples were obtained from children undergoing elective surgery for noninfectious, noninflammatory conditions and from healthy adult volunteers. University of British Columbia Clinical Research Ethics Board approved all studies. The technique for isolating PBMCs has been described (16) .
Bacterial strains, culture conditions, and swimming motility assays
Bacterial strains used in this study are outlined in Table I . For complementation of the knockout mutant P. aeruginosa PAK⌬fliC, the fliC gene was amplified by a tailed PCR using the primers fliCUE (AAAAAGAAT TCGCAGGCCGAGAGATCGCAAGCTCAGG) and fliCDB (AAAAAG GATCCCCTCCCAGTACCGCGTGAGTGACCG) together with genomic DNA from P. aeruginosa PAO1 as a template. The PCR product was isolated, hydrolyzed with EcoRI and BamHI, and cloned into the broadhost-range vector pUCP22 (17) . In the resulting plasmid, pUCP22:fliC, the fliC gene was arranged colinear to and downstream of the lacZ promoter. The plasmid was transferred to P. aeruginosa PAK⌬fliC by electroporation, resulting in strain P. aeruginosa PAK⌬fliC (pUCP22:fliC). For the stimulation assays bacteria were harvested at late-log or early stationary phase of growth. To control for motility differences between wild-type and flagellin-mutant strains, bacteria were heat killed before use. Swimming motility was assessed by inoculation into soft Luria-Bertani agar (0.3%) and after 24 h colony diameter was measured with Յ5 mm considered immotile. To assess motility and TLR5 stimulatory capacity of clinical isolates of P. aeruginosa during chronic infection, isolates from 17 patients 
Cell stimulation assay with whole bacteria or pure TLR ligands
The C38/IB3-1 cell lines and fresh PBMCs were challenged with pure TLR ligands or heat-killed whole bacteria at a variety of multiplicities of infection (MOIs). Optimal concentrations of TLR ligands were determined in pilot experiments (Table II) . After 24 h (PBMCs) or 48 h (C38/IB3-1) culture supernatants were harvested and cytokine concentration in the supernatant was measured. In some experiments TLR5 activation was inhibited using a neutralizing polyclonal Ab raised against the extracellular region of human TLR5 (PAb-hTLR5, 6 g/ml, InvivoGen) with a purified rat IgG1 (eBioscience) serving as a control.
Flow cytometry
Cellular composition of CF and control PBMCs was assessed by flow cytometry. Cells were stained with anti-CD3-PE, anti-CD19-FITC, anti-CD16-FITC, and anti-CD14-FITC Abs, as well as isotype controls, after blocking with 10% human serum (BD Biosciences). Cells were acquired on a FACSCalibur (BD Biosciences) and were analyzed using FlowJo software (Tree Star).
Human TLR5-NF-B luciferase reporter assays
The TLR5 reporter cell line has been described (18) . CHO K1 cells were stably transfected with human TLR5 cDNA (cloned into the pEF6 V5/His TOPO vector (Invitrogen)) and ELAM-LUC (Promega) plasmids. Cells were stimulated for 3-4 h with heat-killed whole bacteria, TLR ligands, and controls before assaying for luciferase activity (Promega). For studies assessing the TLR5 stimulatory capacity of clinical isolates, a fold change above 4.5 was considered positive based on control studies using wild-type and flagelladeficient strains of P. aeruginosa.
Gene expression quantification
Total RNA isolated from airway epithelial cells (RNeasy Plus Mini Kit, Qiagen) was transcribed to cDNA with oligo(dT) primers (high-capacity cDNA reverse transcription kit, Applied Biosystems). Quantitative PCR primers were designed for SYBR Green chemistry to amplify ␤-actin (5Ј-GTT GCGTTACACCCTTTCTT-3Ј, 5Ј-ACCTTCACCGTTCCAGTTT-3Ј, 148 bp), TLR5 (5Ј-TGTTGCAACTTGCCTGGGAAAC-3Ј, 5Ј-AACTGTCAGC CTGTTGGAGTTGAG-3Ј, 170 bp), and Ipaf (5Ј-TGCCCAGAAATCGAAG CCCTGATA-3Ј, 5Ј-TTGGAGCAACAAGCCTTCAGCAAG-3Ј, 201 bp).
Relative gene expression in the CF (IB3-1) compared with CF-corrected (C38) airway cells was analyzed by the 2 Ϫ⌬⌬Ct method using ␤-actin as a reference housekeeping gene.
Western blotting
Bacterial whole-cell lysates were assessed for flagellin expression by Western blot using a previously described techniques (19) . 2. Elevated proinflammatory cytokine production by CF PBMCs following exposure to P. aeruginosa. a, PBMCs from patients with CF (n ϭ 5) and healthy age-matched controls (n ϭ 4) were exposed, in triplicate, to heat-killed P. aeruginosa (PAK strain) at varying MOIs. After 24 h, IL-6 concentration in the supernatant was measured. CF patients produced higher amounts of proinflammatory IL-6. Values represent means Ϯ SEM. Statistical testing was performed by regression analysis demonstrating that slopes of the lines were identical, but the intercepts were significantly different (p ϭ 0.0003), indicating that CF PBMCs produce more IL-6 than did control PBMCs at baseline and following stimulation with PAK strain bacteria. b, Composition of the PBMC population of CF (n ϭ 6) and healthy control (n ϭ 6) subjects was determined by flow cytometry after staining for monocytes, T cells, B cells, and NK cells using mAbs against CD14, CD3, CD19, and CD16, respectively. Values represent means Ϯ SEM.
Statistical analysis
Groups were compared using unpaired Student's t tests, two-way ANOVA with Bonferroni posttest for multiple comparisons, or by regression analysis, as appropriate, using GraphPad Prism (version 4.0). A p value Ͻ0.05 was considered significant.
Results
CF respiratory epithelial cells mount an exaggerated proinflammatory response to a range of relevant bacterial pathogens
Initial studies on the inflammatory response in the CF airway were performed on the well-characterized CF and CF-corrected lung epithelial cells IB3-1 and C38. The cell lines were stimulated with: 1) two clinical isolates of P. aeruginosa strain (classic and mucoid); and 2) two clinical isolates of the B. cepacia complex: B. multivorans (genomovar II) and B. cenocepacia (genomovar III). CF respiratory epithelial cells produced 2-to 8-fold more of the proinflammatory cytokine IL-6 than did the CF-corrected cell line when stimulated with whole bacteria ( p Ͻ 0.001 for all pathogens tested determined by two-way ANOVA with Bonferroni posttest) (Fig. 1) . Additionally, the CF cell line produced more proinflammatory IL-6 than did the CF-corrected cells following exposure to Streptococcus pneumoniae (serotypes 4 and 14), a pathogen not typically associated with CF lung disease (data not shown). Cell cytotoxicity assays demonstrated that the viability of the respiratory epithelial cells following bacterial stimulation was equivalent between CF and CF-corrected cells (data not shown). In pilot experiments we demonstrated that production of a variety of inflammatory cytokines (specifically IL-1␤, TNF-␣, and IL-8) were well correlated with IL-6 secretion following innate immune activation of airway epithelial cells; hence, for most experiments only IL-6 production is shown.
Proinflammatory response generated by CF PBMCs following exposure to P. aeruginosa is increased compared with healthy controls
Subtle technical artifacts, possibly related to immortalization and long-term culture, may alter the proinflammatory phenotype of any cell line (6) . To address this concern and to validate any findings in CF respiratory epithelial cells, we performed similar experiments using blood cells donated by patients with CF. We elected FIGURE 3. CF respiratory epithelial cells respond most vigorously to flagellin stimulation. a, CF-corrected (C38) and CF (IB3-1) cell lines were stimulated with a range of pure TLR ligands at concentrations selected by titration to optimize IL-6 production (see Table II to study freshly isolated PBMCs to investigate the immune response in CF. Fresh PBMCs have several advantages over other possible human CF samples: 1) PBMCs are not subject to alterations that may emerge from long-term cell culture, cloning, and immortalization; 2) cells within the PBMC population, particularly lymphocytes and some monocytes/macrophages, express functional CFTR protein (20, 21) ; and 3) the need to study enough subjects makes it impractical to collect cells through other means, such as bronchoalveolar lavage or biopsy.
Showing a phenotype similar to CF airway epithelial cells, CF PBMCs produced significantly more proinflammatory IL-6 after stimulation with P. aeruginosa (PAK strain) than did cells from healthy controls at every MOI tested ( Fig. 2a; p ϭ 0.0003) . Control experiments showed that differences in cytokine production were not simply related to differences in proportions of monocytes, T cells, B cells, and NK cells in the PBMCs isolated from CF patients and healthy controls (Fig. 2b) . Hence, both CF airway epithelial cells and blood mononuclear cells generate an exaggerated proinflammatory response following exposure to bacterial pathogens.
TLR ligands, particularly flagellin, induce a marked inflammatory response in CF respiratory epithelial cells
A range of receptor families are involved in innate immune recognition of microbes. These receptor systems include TLRs, the NOD-like proteins, and TNF-␣ receptor 1 (22) . To assess specifically the contribution of TLR signaling to the enhanced inflammatory response generated by CF airway cells following exposure to whole bacteria, we stimulated the respiratory epithelial cells with purified TLR ligands and measured IL-6 production (Fig. 3) . Concentrations of TLR ligands resulting in optimal IL-6 production were selected in pilot experiments (Table II) . IL-6 production following stimulation with both flagellin and IL-1␤ was significantly higher in CF respiratory epithelial cells compared with the CF-corrected cell line, while signaling through other TLRs (including the LPS-specific TLR4) was minimal in airway cells. Compared with wild-type bacteria (PAK and PAO1), isogenic flagella-deficient strains of P. aeruginosa (PAK⌬fliC, PAO1⌬fliC, PAO1⌬flgE, and PAO1⌬fliM) lack swimming motility (a and d) and fail to activate a TLR5 reporter cell line-CHO-K1 cells stably expressing human TLR5 and an NF-B luciferase reporter (b and e). Complementation of the flagellin-knockout mutant of P. aeruginosa (PAK⌬fliC) with the coding region of the fliC gene (PAK⌬fliC (pUCP22:fliC)) normalized both the motility defect and TLR5 activating capacity. CF (IB3-1) airway epithelial cells were stimulated with these characterized bacteria. To control for differences in motility between wild-type and flagella-deficient strains, all bacteria were heat-killed before use. c and f, IL-6 concentration in cell supernatants after 48 h stimulation was determined by ELISA. Values represent means Ϯ SEM of three to six separate experiments all performed in triplicate. Statistical analysis was performed by two-way ANOVA using the Bonferroni correction for multiple comparisons. ‫,ء‬ p Ͻ 0.05; ‫,ءء‬ p Ͻ 0.01; ‫,ءءء‬ p Ͻ 0.001.
Collectively, these data suggest that TLR signaling is dysregulated in the CF airway cells and that flagellin is a particularly potent stimulator of the airway innate immune response.
Analysis of TLR responses in CF PBMCs
To further explore the hypothesis that TLR signaling contributes to dysregulated cytokine production occurring in CF and to verify our cell line data, we studied TLR function in primary PBMCs donated by 23 children with CF and 20 healthy age-matched controls. As cells within the PBMC population are known to recognize a broader repertoire of TLR ligands than do airway epithelial cells (8, 23) , the PBMCs were predicted to produce proinflammatory cytokines in response to a wider variety of TLR ligands than the airway epithelial cells. Hence, the aim of these experiments was to assess whether global TLR responsiveness was dysregulated in primary cells from CF patients. Freshly isolated PBMCs were exposed to an optimized panel of TLR ligands and controls for 24 h, and cytokine production was measured (Fig. 4) . The general observation from this data series was that for every condition studied, children with CF produced more proinflammatory cytokine (i.e., IL-6, TNF-␣, and IL-1␤) following TLR stimulation than did healthy age-matched controls, and these differences reached statistical significance for a number of conditions tested. In contrast, production of the antiinflammatory cytokine IL-10 was indistinguishable between cases and controls. Taken together, these data confirm our findings from immortalized respiratory epithelial cells and suggest that TLR signaling contributes to dysregulated cytokine production seen in CF.
Flagellin is the ligand that mediates the excessive inflammatory response generated by CF respiratory epithelial cells in response to P. aeruginosa
Because the CF airway epithelial cells responded most vigorously to the flagellin (Fig. 3) , we sought to determine the contribution of flagellin to the enhanced inflammatory response generated by CF airway epithelial cells following exposure to P. aeruginosa. Our experimental strategy was to stimulate respiratory epithelial cells with bacteria expressing a full complement of pathogenassociated molecular patterns, but lacking flagella. We characterized the wild-type (PAK and PAO1) and isogenic flagelladeficient strains of P. aeruginosa (PAK⌬fliC, PAO1⌬fliC, PAO1⌬flgE, and PAO1⌬fliM), as well as a complemented strain in which the coding region of the fliC gene was replaced (PAK⌬fliC (pUCP22:fliC)). The flagella-deficient strains lacked both swimming motility and the capacity to activate TLR5 (Fig. 5 , 
a, b, d, and e).
To control for differences in motility between wildtype and flagella-deficient strains, all bacteria were heat-killed before use in stimulation assays. Strikingly, the absence of the flagellin significantly reduced proinflammatory IL-6 production by the CF respiratory epithelial cells following exposure to P. aeruginosa (Fig. 5, c and f) . To verify the role of flagellin in the inflammatory response generated by the CF airway cells, we demonstrated that complementation of the flagellin-knockout mutant of P. aeruginosa (PAK⌬fliC) with the coding region of the fliC gene (PAK⌬fliC (pUCP22:fliC)) normalized the motility, TLR activating capacity, and proinflammatory impact of the flagellin-deficient strain (Fig. 5a-c) . Hence, strategies to block flagellin recognition may have the potential to reduce the excessive and damaging proinflammatory response occurring in the CF lung, ultimately improving the outcome for patients with CF.
Inhibition of TLR5 activation normalizes the inflammatory response generated by CF airway epithelial cells following exposure to P. aeruginosa
To identify a novel antiinflammatory target for CF lung disease, we first had to determine which receptor was mediating flagellin recognition by the airway epithelial cells. TLR5 is the best studied physiological receptor for flagellin in vertebrates; however, recent evidence also implicates IL-1-converting enzyme (ICE) proteaseactivating factor (Ipaf) in the recognition of intracellular flagellin (24) . Expression of the genes encoding these two flagellin receptors was quantified in the airway epithelial cells. TLR5 mRNA expression was 5.5-fold higher in the CF (IB3-1) compared with control (C38) airway epithelial cells ( p ϭ 0.0002, unpaired Student's t test). In contrast, the mRNA expression of Ipaf was indistinguishable between CF and control cells ( p Ͼ 0.05, unpaired Student's t test) (Fig. 6) .
Based on our observation that TLR5 mRNA was increased in CF airway epithelial cells, combined with the established physiological role for TLR5 in airway cell biology, we examined whether TLR5 inhibition would reduce the excessive inflammatory response generated by CF airway cells following exposure to CF pathogens. To achieve efficient and specific TLR5 inhibition we used a neutralizing polyclonal Ab raised against the extracellular region of human TLR5. The anti-TLR5 Ab reduced the flagellin response to baseline in both the TLR5 reporter cell line and the CF airway epithelial cells. Importantly, the anti-TLR5 Ab did not alter IL-1␤ responsiveness, confirming that the inhibition of flagellin recognition was occurring specifically at the level of TLR5 rather than through nonspecific inhibition of a downstream signaling molecule, as the TLR5 and IL-1␤ signaling pathways differ only in the ligand binding domain of the receptor (Fig. 7, a and b) .
We assessed the impact of TLR5 inhibition on the CF airway cell inflammatory response generated in response to P. aeruginosa-the most clinically relevant CF pathogen. The anti-TLR5 Ab significantly reduced proinflammatory IL-6 production by CF airway epithelial cells following exposure to the PAK strain ( p Ͻ 0.01) and a classic clinical isolate ( p Ͻ 0.01) of P. aeruginosa (Fig. 7, c and d) . Importantly, TLR5 inhibition also significantly reduced IL-8 secretion in response to these strains of P. aeruginosa (PAK, p Ͻ 0.01; classic clinical isolate, p Ͻ 0.01).
Clinical isolates of P. aeruginosa maintain TLR5 stimulatory capacity during the evolution of chronic CF lung infection
A potential limitation of therapy to target the TLR5-flagellin interaction in CF is the observation that most environmental P. aeruginosa strains and those isolated early in CF infections are highly motile, whereas some strains isolated from older chronically infected CF patients are immotile. To assess formally both motility and TLR5 stimulatory capacity of P. aeruginosa during chronic infection, we analyzed 151 clinical isolates of P. aeruginosa derived from 17 patients representing 304 patient years of disease. Motility of isolates decreased significantly with increased patient age ( p ϭ 0.006 by linear regression). Specifically, 81.2% of isolates from patients aged Ͻ6 years were motile compared with FIGURE 8. Clinical isolates of P. aeruginosa maintain TLR5 stimulatory capacity during the evolution of chronic CF lung infection. a, The motility and TLR5 stimulatory capacity of 151 clinical isolates of P. aeruginosa were analyzed. Motility of isolates decreased significantly with increasing patient age (p ϭ 0.006 by linear regression) while the decline in TLR5 activating capacity was not significant (p ϭ 0.06 by linear regression). b, Western blot of whole bacteria protein extracts using a polyclonal Ab against the type a (45-kDa) flagellin of P. aeruginosa P1. Figure shows representative clinical isolates of P. aeruginosa characterized for their motility and TLR5 activating capacity with PAK wild-type and PAK⌬fliC serving as the positive and negative controls, respectively. only 16.7% motility of isolates from CF patients aged 30 -36 years (Fig. 8a) . In contrast, the decline in TLR5 activating capacity of P. aeruginosa was less pronounced and did not reach statistical significance, with 87.5% of isolates from patients aged Ͻ6 years activating TLR5 compared with 60.0% of isolates from CF patients aged 30 -36 years ( p ϭ 0.06 by linear regression). Overall, 113 of 151 (75%) clinical isolates of P. aeruginosa activated TLR5. In these experiments we identified 55 isolates (36.4% of total) that were nonmotile but TLR5-activating. To confirm that these nonmotile but TLR5-activating isolates of P. aeruginosa did express immunogenic flagellin, we performed Western blotting on whole protein extracts of the bacteria using a polyclonal Ab against the type a (45-kDa) flagellin of P. aeruginosa P1. Western blot analysis confirmed that 51 of 55 (93%) nonmotile but TLR5-activating isolates of P. aeruginosa stained strongly for immunoreactive flagellin (Fig. 8b) .
Discussion
Lung damage is the major life-limiting complication of CF. Chronic infection and inflammation are the hallmark of CF lung disease. Novel therapies to target lung inflammation, when administered in combination with airway clearance and antimicrobials, are predicted to improve the lives of people with CF. The challenge has been to identify the molecular pathway(s) mediating the excessive inflammation occurring in the CF airway. We show that TLR-mediated innate immune responsiveness is increased in both CF respiratory epithelial cells and fresh blood cells from subjects living with CF. Moreover, inhibition of the TLR5-flagellin interaction markedly reduced the proinflammatory response of CF respiratory epithelial cells following exposure to the predominant CF pathogen P. aeruginosa. These data suggest that TLR5 activation may represent a novel antiinflammatory target for improving CF lung disease. A potential criticism of many published studies investigating airway inflammation in CF is the reliance on immortalized airway epithelial cells. Aware of this limitation, we used an extensively studied pair of CF and control airway epithelial cells (IB3-1/C38; for examples, see Refs. (25) (26) (27) ) and we validated our fundamental observations in primary blood cells donated by CF and control subjects.
Bacteria infecting the CF lung must interact with the airway epithelium. Respiratory epithelial cells are an important component of the innate immune system, forming a physical and immunologic barrier to inhaled bacteria. Surprisingly, although P. aeruginosa expresses ligands to activate a variety of TLRs (specifically TLRs 1, 2, 4, 5, 6, and 9 (12-14, 28)), we have demonstrated that airway epithelial cells almost exclusively rely upon TLR5 to sense P. aeruginosa through its flagellin protein (Figs. 5  and 7 ). In the absence of TLR5 activation, the interaction of P. aeruginosa with respiratory epithelial cells does not initiate a significant host inflammatory reaction. LPS was initially predicted to be the major immunostimulatory component expressed by P. aeruginosa; however, evidence suggests that the TLR4-mediated response to LPS is minimal in airway cells due to a lack of the necessary coreceptors, including MD2 and CD14 (29 -31) . Moreover, the observation that TLR4 knockout mice show no enhanced susceptibility to P. aeruginosa lung infection provides further evidence that the TLR4-LPS interaction is unlikely to account for the florid airway inflammation observed in CF (32, 33) . Collectively, our data suggest that a TLR5 inhibitor is likely to minimize the inflammatory response generated by airway epithelial cells following infection with clinically relevant flagellated bacteria such as P. aeruginosa and members of the B. cepacia complex. In contrast, TLR5 is unlikely to be involved in the recognition of nonmotile pathogens such as S. aureus and H. influenzae; however, the role of these organisms in progressive airway infection and inflammation in patients with CF remains uncertain (34) .
An important recent discovery is that mammalian cells rely on (at least) two molecular systems to sense flagellated bacterial pathogens (24) . Extracellular flagellin is recognized by TLR5, activating NF-B and leading to the secretion of a variety of cytokines, including IL-6 and TNF-␣. Intracellular flagellin is detected by Ipaf, initiating IL-1␤ processing and the secretion of mature IL-1␤. In this study we were the first to investigate the relative roles of TLR5 and Ipaf in CF lung infection, demonstrating that TLR5 plays a critical role in recognizing flagellated bacteria, including P. aeruginosa. Our observation that CF airway epithelial cells rely heavily upon TLR5 to sense bacterial pathogens is consistent with the established clinical observation that in the CF lung extracellular bacterial infection predominates, and the respiratory epithelium remains intact despite accumulation of neutrophils, mucin, and bacteria in the airway (35) . Previous studies have shown that the presence of flagellin expressed by P. aeruginosa (29, 36, 37) triggers an inflammatory response by airway epithelial cells, but none of these studies have established definitively the identity of the receptor mediating this inflammatory response. Our study using a neutralizing anti-TLR5 Ab (Fig. 7) and other studies using dominant negative TLR5 constructs (14, 38) establish that TLR5 mediates airway cell recognition of P. aeruginosa and the B. cepacia complex; moreover, we demonstrate that a specific TLR5 inhibitor is able to significantly reduce the hyperinflammatory response generated by CF airway epithelial cells following exposure P. aeruginosa, the most clinically relevant bacterial pathogen infecting the CF lung.
The challenge in developing an antiinflammatory medication for CF lies in reducing harmful inflammation without unacceptably increasing infections or other untoward effects. A number of observations indicate that TLR5 is a particularly exciting therapeutic target for blocking airway inflammation in CF. First, TLR5 inhibition only blocks the response to flagellin, leaving all other innate immune response mechanisms intact. Second, humans with defective TLR5 signaling have been identified, providing unique insights into the biological effects of interfering with TLR5 function. Approximately 10% of Caucasians carry a polymorphism in the ligand-binding domain of TLR5 (392STOP) that acts in a dominant fashion to abolish flagellin signaling (39) . Individuals carrying the TLR5 392STOP polymorphism appear to be entirely healthy, although they are at slightly increased risk of developing Legionnaires disease following exposure to Legionella pneumophila (39) . Importantly, this TLR5 polymorphism does not render human carriers universally susceptible to infection with flagellated bacteria, as it had no measurable impact on susceptibility to typhoid fever caused by Salmonella enterica serovar Typhi (40) . Finally, mouse studies provide further support for the potential safety of TLR5 inhibition as TLR5
Ϫ/Ϫ and wild-type mice show similar rates of survival following P. aeruginosa lung infection (33) , and infection with flagellin-deficient strains of P. aeruginosa delays the time to death (41) . Taken together, these data suggest that a specific TLR5 inhibitor may be useful for reducing the excess inflammation in CF while having an acceptable side-effect profile. Despite these reassuring theoretical arguments, we must use caution and humility when interfering with the finely tuned immune system. All consequences of our manipulations are impossible to predict and will be appreciated only through rigorous preclinical experimentation and well-conducted clinical trials.
The potential therapeutic value of a TLR5 inhibitor is further supported by our demonstration that 75% (113 of 151) of clinical isolates of P. aeruginosa obtained from the lungs of CF patients retained the capacity to activate TLR5 (Fig. 8) . The library of P. aeruginosa isolates tested in this study is likely to be representative of CF patients treated in a large North American center as we analyzed 151 clinical isolates of P. aeruginosa derived from 17 patients representing Ͼ300 patient years of disease. The significant loss of motility of P. aeruginosa during the evolution of chronic CF lung infection has been observed by others (19, 42) ; however, our study is the first demonstration that TLR5 activating capacity of P. aeruginosa is relatively retained in the CF lung across the lifespan. Our observation that 34% of the clinical isolates of P. aeruginosa appear to have "paralyzed" flagellum (i.e., TLR5 activating but nonmotile) is not without precedent. This paralyzed flagellum phenotype has been noted in clinical isolates of P. aeruginosa and is seen in PAK-motABCD, which has deletions in both sets of mot genes encoding the flagellar motor proteins, resulting in loss of motility but preservation of flagellin synthesis (19, 43) .
Other lines of evidence support the centrality of the TLR5-flagellin interaction in mediating the cyclical exacerbations of the inflammatory lung disease typical of CF. For example, sputum neutrophil elastase is now recognized to be a useful clinical biomarker that negatively correlates with lung function in CF (44) . Because the neutrophil elastase content of CF sputum is known to transiently repress expression of a number of P. aeruginosa genes including fliC, which encodes flagellin, a model of CF lung inflammation linking TLR5 activation, flagellin expression, and neutrophil elastase concentration is emerging (42, 45, 46) . When neutrophil numbers and neutrophil elastase concentrations in the CF lung are low, P. aeruginosa proliferates, assembles a flagellum, and stimulates a robust inflammatory response via TLR5. Neutrophils are then recruited to the airway, and when neutrophil elastase concentrations reach a threshold, flagellin synthesis is suppressed and TLR5-flagellin-mediated inflammation abates. As neutrophil numbers wane, flagellin synthesis resumes, and there is a resurgence of inflammation. Hence, TLR5 inhibition may be useful in breaking this repetitive cycle of airway infection and inflammation that ultimately causes respiratory failure in CF patients.
In conclusion, through the use of both respiratory epithelial cells and fresh blood cells donated by patients with CF, we have shown that TLR signaling results in excessive proinflammatory cytokine production by cells with dysfunctional CFTR protein. Moreover, we have identified a single molecule, TLR5, as a novel antiinflammatory target because inhibition of the TLR5-flagellin interaction abolishes the damaging inflammatory response generated by CF airway cells. Although more studies using both primary CF airway cells and animal models are required, the potential utility of TLR5 inhibition is further supported by our demonstration that clinical isolates of P. aeruginosa generally maintain the ability to activate TLR5 even during chronic lung infection when motility is lost. Ultimately, we anticipate that these preclinical studies may be the first step in developing a new therapy for safely reducing airway inflammation and improving CF lung disease.
